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No. 09/602,012, filed Jun. 23, 2000, now U.S. Pat. No.
6,517,203;

“Method for Refracting and Dispensing Electro-Active

Spectacles”, U.S. application Ser. No. 09/602,014, filed
Jun. 23, 2000, now U.S. Pat. No. 6,491,394; and

“System, Apparatus, and Method for Reducing Birelrin-
gence’”, U.S. application Ser. No. 09/603,736, filed Jun.
23, 2000, now U.S. Pat. No. 6,491,391.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention generally relates to an electro-active
optic incorporating a blend region between two regions each
having different optical properties. Specifically, the blend
region 1s a smoothing region which transitions between two
areas each having a different refractive mndex. More specifi-
cally, the smoothing blend region may be an electro-active
transition between two optical areas each having a different
optical powers. By having an electro-active smoothing blend
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region, a continuous transition between different optical
properties and powers may be accomplished with heretofore
unrealized results.

2. Description of the Related Art

Electro-active ophthalmic lenses for presbyopia correction
are static, refractive ophthalmic lenses that incorporate a
dynamic, diffractive, electro-active optical element The dii-
fractive optical element allows one to switch on and off a
region of optical add power that utilizes an electro-active
medium such as liquid crystal. The electro-active element
typically represents only a fraction of the total area of the lens
and as such, possesses an abrupt peripheral edge where the
optical power (focal length) of the total lens discontinuously
changes from the optical power of the refractive lens to the
combined optical power of the refractive lens and the difirac-
tive electro-active element. This discontinuity in optical
power results 1n an 1mage jump that may be objectionable to
patients. In embodiments of the current invention, an electro-
active blend region that acts to mitigate the objectionable
image jump 1s described.

There 1s therefore a great need in the art for an optical
transition which mitigates and eases the optical jump
objected to by some patients. Accordingly, there 1s now pro-
vided with this mvention an improved blend region which
elfectively overcomes the aforementioned difficulties and
longstanding problems 1nherent in optical transitions.

SUMMARY OF THE INVENTION

According to one aspect of the invention, an electro-active
lens 1s disclosed comprising at least one electro-active blend
region. When power 1s applied thereto, the blend region pro-
vides a substantially continuous transition of optical power
from a first region of optical power to a second region of
optical power of said lens.

According to another aspect of an embodiment of the
invention, an electro-active lens 1s disclosed which comprises
a refractive lens of fixed optical power; and an electro-active
clement having dynamic optical power and a peripheral edge
in optical communication with the refractive lens. The optical
power ol the electro-active lens 1s the sum of the optical
powers ol the electro-active element and the refractive lens.
When the electro-active element 1s activated, the electro-
active element provides for a region of substantially continu-
ous transition in optical power from the sum of optical powers
of the electro-active element and the refractive lens to the
optical power of the refractive lens. The transition region 1s
located near the peripheral edge of said electro-active ele-
ment.

A Turther aspect of an embodiment of the present invention
may include an electro-active lens, comprising at least one
clectro-active blend region. When power 1s applied thereto,
the blend region provides at least one stepped transition of
optical power from a first region of optical power to a second
region of optical power of the lens.

A still further aspect of an embodiment of the present
invention may include an electro-active lens comprising at
least one region of fixed optical power; and atleast one region
of dynamic optical power having a blend region. When power
1s applied to the blend region, the blend region has difiractive
power and provides a continuous transition of optical power
from the dynamic power region to the fixed power region.

As will be appreciated by those persons skilled in the art, a
major advantage provided by the present invention is to pro-
vide a blend region which smooths the transition between two
areas each having a different refractive index forming a sub-
stantially continuous transition therebetween. Another object
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ol the present invention 1s to provide an electro-active transi-
tion between two optical areas each having a ditferent optical
powers. By having an electro-active smoothing blend region,
a continuous transition between different optical properties
and powers may be accomplished. Additional objects of the
present 1nvention will become apparent from the following
description.

The method and apparatus of the present mmvention will be
better understood by reference to the following detailed dis-
cussion of specific embodiments and the attached figures
which illustrate and exemplily such embodiments.

DESCRIPTION OF THE DRAWINGS

A specific embodiment of the present invention will be
described with reference to the following drawings, wherein:

FIG. 1a shows a physical cross section through the thick-
ness of an electro-active lens;

FIG. 15 illustrates an optlcal power profile of an electro-

it ik

active lens when the electro-active element 1s off;

FIG. 1c¢ 1llustrates an optical power profile of an electro-
active lens without a blend region when the electro-active
element 1S on:

FIG. 1d 1illustrates an optical power profile of an electro-
active lens with a blend region when the electro-active ele-
ment 1S on;

FIGS. 2a-2e generally illustrate a process for generating a
diffractive lens to focus light.

FI1G. 2a illustrates the phase profile (shape) 200 of a refrac-
tive lens with a desired focal length;

FIG. 2b 1llustrates a diffractive lens consisting of 3 full
wave Fresnel zones, formed by phase wrapping the refractive

lens of FIG. 2a;

FI1G. 2c1llustrates the continuous, wrapped phase profile of
FIG. 25, subdivided 1nto a series of equudistant, phase levels;

FI1G. 2d 1llustrates the continuous wrapped phase profile of
FIGS. 26 and 2c¢, approximated by a series of equidistant,
discrete phase levels, specifically, a multi-level diffractive
phase profile;

FIG. 2e illustrates discrete, patterned electrodes meant to
generate the phase profile of FI1G. 24 within a layer of electro-
active liquid crystal;

FIG. 3a shows the path of light rays through an electro-
active lens without a blend region;

FIG. 3b shows the path of light rays through an electro-
active lens with a blend region;

FIG. 4a 1s an 1image of a square grid as viewed through an
clectro-active lens without a blend region, as shown in FIG.
3a;

FI1G. 4b 1s an 1image of a square grid as viewed through an
clectro-active lens with a blend region, as shown 1n FI1G. 35;

FIG. 5 1illustrates the phase profiles of blended and non-
blended lens, labeled with the critical dimensions required to
design the blend region in accordance with the present mnven-
tion;

FIG. 6 shows the parabolic phase profile of an 1deal lens as
well as third-order and fifth order polynomial blending pro-

files;

FI1G. 7a1llustrates the thickness profile of a refractive blend
region, designed 1n accordance with the present invention;

FI1G. 7b illustrates the thickness profile of a continuous,
surface relietf diffractive blend region, designed in accordance
with the present invention;

FI1G. Tc¢ 1llustrates the thickness profile of a multi-level,
surtface relief diffractive blend region, designed in accordance
with the present invention;
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FIG. 7d 1llustrates patterned electrodes meant to generate a
multi-level, surface reliet diffractive blend region, designed
in accordance with the present invention, within a layer of
clectro-active liquid crystal;

DESCRIPTION OF THE PR.
EMBODIMENT

s
Y

ERRED

The following preferred embodiment as exemplified by the
drawings 1s 1llustrative of the invention and 1s not intended to
limit the mmvention as encompassed by the claims of this
application. An electro-active ophthalmic lens having a blend
region 1s disclosed herein.

The apparatus 100, as illustrated generally in FIG. 1a,
shows a device that may have at least 1 layer of liquid crystal
and at least two layers of a substrate. Alternatively, an
embodiment of the device of the present invention may have
a plurality of layers of liquid crystal, for example, two layers
and a plurality of substrates, for example three substrates.
FIG. 1 shows an embodiment of an electro-active ophthalmic
lens 100 1n which an electro-active element 108 1s encased
within an ordinary refractive ophthalmic lens 101. The elec-
tro-active element 108, by way of example only, 1s comprised
of at least two optical quality substrates 102, whose refractive
index 1s mostly matched to refractive lens 101, and which are
used to contain at least one layer of liquid crystal 103. Trans-
parent electrodes 109 on the mner surfaces of the substrates
102 are used, 1n conjunction with an appropriate electrical
driving source, to after the refractive index of the liquid crys-
tal 103 so as to generate a diffractive optical element, as
detailed below. Liquid crystal materials are comprised of
anmisotropically shaped organic molecules which possess a
degree of orientational order, that 1s to say, ensembles of
molecules tend to orient themselves in the same general direc-
tion. The anisotropy of the shape of the molecules results 1n an
anmisotropy of their bulk optical properties, such as their
refractive index. By applying a voltage across a layer of liquid
crystalline matenial, the resulting electric field acts to re-
orient the liquid crystal molecules, thus changing the optical
properties of the bulk material which an incoming optical
wave may experience. An appropriate electrical driving force
for re-orienting liquid crystal molecules may be, for example,
a battery, or other electrical source as 1s well known to those
skilled 1n the art, which may provide an electrical potential 1n
the range from about O volts to about 50 volts.

The electro-active element differs from a display 1n that it
1s designed to focus light by means of optical difiraction, not
to display an 1mage. An 1deal lens can be defined as a phase
object 1n that 1t does not atfect the amplitude of the optical
waves that pass through it, only their phase. A circular lens of
positive focal length brings light to a point focus by increas-
ing the phase retardation of an incident optical wave from
edge to center in a rotationally symmetric manner. For
example, a circular lens that imparts a rotationally symmetric,
parabolic phase retardation from edge-to-edge along a diam-
cter of the lens will cause parallel rays of light to be brought
to focus at the same point, regardless of the point at which any
single ray enters the lens. As such, a lens with a parabolic
phase profile will have constant optical power across its diam-
cter. Optical power (the reciprocal of focal length) can be
determined by taking the second derivative of the phase pro-
file with respect to the radial position and 1n the case of the
parabolic lens described above, the second derivative of a
parabolic (quadratic) function 1s a constant.

As will be discussed below, lenses may focus light by either
refraction (when the physical dimensions of the lens are much

larger than the wavelength of light) and/or diffraction (when
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the physical dimensions of the lens are comparable to the
wavelength of light). Thus, 1n an embodiment of the mnven-
tion, the substrate 102 of the electro-active element may be a
diffractive lens. A process for generating a diffractive lens to
focus light 1s particularly illustrated in FIGS. 2a-2e. The
phase profile (shape) 200 of a refractive lens with a desired
tocal length 1s shown 1n FIG. 2a. Making use of the symmetry
of anideal refractive lens, FIG. 2a represents the phase profile
200 of a refractive lens from the lens center 202 to the lens

outer edge 203. The horizontal axis of FIGS. 2a-2¢ represents
a radial distance r from the lens center to the lens edge 1n units
of millimeters. In an embodiment of the invention, an oph-
thalmic refractive lens may have a diameter 1n the range from
about 20 mm to about 80 mm. The vertical axis of FIGS.
2a-2d represents the phase retardation of the refractive and
diffractive lenses as a function of radial position. The phase
profile of the lens of FIGS. 2a-2d 1s related to the thickness
modulation (d) of the difiractive structure in that the required
phaseretardation (¢) 1s a function of the thickness modulation
(d), the wavelength of light (A ), the refractive index of the
substrate material (n,_, ) and the refractive index of the opti-
cal material adjacent to the diffractive lens (n) via the relation
¢=[2md(ny,,,,—1)]A,-

For the case of an electro-active diffractive lens the optical
material adjacent to the diffractive surface 1s understood to be
clectro-active, such as a liquid crystalline material. To pro-
duce a diffractive lens with optical power equivalent to a
refractive lens, the refractive phase profile 200 o FI1G. 2a may
be divided into full wave Fresnel zones or “phase wrapped™ as
shown 1n FI1G. 2b6. Phase wrapping 1s a process by which the
values of the phase profile are generated modulo n27w, where
n 1s an mteger=1. As an example, a refractive lens having a
parabolic phase profile with maximum phase retardation of
6 has a diffractive counterpart of equivalent optical power
which comprises 3 full wave Fresnel zones, as 1llustrated in
FI1G. 25. The width of each Fresnel zone, 1.e. the distance from
the lens center 202 1s a function of the design wavelength (A )
and focal length (f ) where the radius of the j” Fresnel zone
(r;)1s given by r,=(2jA 1) 2 The zero phase value location, as
indicated 1 FIGS. 2b6-2d 1s determined by the thickness of
material required to generate a n2x phase retardation and as
discussed previously, a function of the optical wavelength and
the refractive indices at that particular wavelength.

Diffractive lenses, like those shown 1f FIGS. 25-2¢ are
simply rotationally symmetric diffraction gratings where the
grating period (A, the width ot a single Fresnel zone, r,, ,-1))
decreases gradually with increasing radius. The angle at
which light 1s diffracted varies inversely with the grating
period and as the grating period decreases gradually with
radius, light 1s focused to the same point regardless of where
it enters the lens. As such, a discontinuous optical phase
profile such as those shown 1n FIGS. 25-2d, and those gener-
ated 1n a layer of electro-active material by the electrodes
shown 1n FIG. 2e, may be used to bend light in a smooth and
gradual manner. Embodiments of the present invention take
advantage of this fact and enable continuous changes 1n opti-
cal power to be produced by optical structures which, by
themselves, are only piece-wise continuous. As the thick-
nesses ol these structures are on the order of microns at
optical wavelengths, they are typically patterned into or
applied to a substrates whose thickness i1s such to provide
suificient mechanical rigidity. Phase retardation incurred by
the substrate material 1n no way affects the operation of the
lens. The division of phase profile 200 into tull wave Fresnel
zones results 1n a diffractive phase profile (or blaze profile). If
so desired, the wrapped phase profile may be subdivided into

10

15

20

25

30

35

40

45

50

55

60

65

6

a series of equidistant, discrete phase levels as shown in FIGS.
2¢ and 2d, to approximate the phase profiles of the full wave
Fresnel zones of FIG. 25b.

A phase profile may be subdivided into from 2 to about 128
phase levels. The number of resulting phase levels determines
the diffraction efficiency of the lens, which 1s the fraction of
incident light that 1s brought to focus at the design focal
length. For a lens with N phase levels, the diffraction eifi-
ciency (1) increases with the number of phase levels and 1s
defined as n=sin(r/N)/(;t/N)]*. Thus, as the number of phase
levels increases, the more the approximated phase profile
resembles the actual phase profile, which, 1n theory, 1s defined
as having a diffraction efficiency of 100%. The phase profile
illustrated 1n FIG. 24 1s commonly referred to as a multi-level
diffractive phase profile. To generate an actual optical ele-
ment, these phase profiles may be transferred, by means of an
appropriate manufacturing process, 1nto topography changes
of the inner surface of physical substrate 102, as defined 1n
FIG. 1a, to create a surface relietf diffractive optic, FIG. 2d.
Such manufacturing processes include, by way of example
only, single point diamond turming, gray-scale lithography,
plasma etching, or reactive 1on etching.

In an embodiment of the invention, electrodes may be
deposited on a surface relief diffractive element or patterned
on a mostly planar surface. The number of electrodes required
for a surface diffractive element 1s at a minimum, 2 per layer
ol electro-active material. Electrodes patterned on a surface
may, for example, comprise of a grid of electrodes. A gnd
pattern of electrodes may comprise of from about 1,000 elec-
trodes to about 100,000 electrodes. Patterned electrodes may
also be configured as concentric circles on a substrate, as
described below, wherein, the number of desired circles 1s
determined from the number of Fresnel zones (function of
optic diameter and optical power) and the number of phase
levels per full wave Fresnel zone. The number of electrodes
may range from about 100 electrodes to about 4000 elec-
trodes. The overall construction of the electro-active element
1s stmilar to that of a commercial liquid crystal display (LCD)
and utilizes processes and materials well known 1n the art.

To make a surface relief diffractive optic electro-active,
liquid crystal 1s placed 1n optical communication with the
diffractive surface and the electro-active functionality of the
liquid crystal 1s used to provide voltage dependent refractive
index matching. A liquid crystal that may be applied 1n an
embodiment of the present invention may include, by way of
example only, the commercial nematic liquid crystal mixtures
E7 or BLO37, both of which are available from Merck. The
clectric field induced change 1n refractive index 1s limited by
the maximum anisotropy of the refractive index of the liquid
crystal materials (commonly referred to as birefringence),
which 1s 1n excess of 0.2 at optical wavelengths for both of
these materials. For these birefringence values, layers of 11g-
uid crystal as thin as 5 um may be used to generate a full wave
of phase retardation. Electrodes 109 for applying voltages to
the layer of liqud crystal 103 are illustrated, by way of
example only, 1n FI1G. 1a as being located between the optical
substrate 102 and the liquid crystal layer 103, but may, for
example, be placed either directly on the surface relief struc-
ture or buried underneath 1t. When the refractive index of the
liquid crystal matches the refractive index of the material
from which the diffractive optic 1s fabricated, light will see a
single body of material with uniform refractive index and thus
not be diffracted. By applying a voltage to the liquid crystal
layer a fully reversible refractive index mismatch can be
introduced and light will then be diffracted by the surface
relief structure. Examples of a configuration of electrodes 109
within the electro-active lens 108 are detailed below.
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A surface relief structure, as i1llustrated 1in FIG. 2d, 1s not
required however, and patterned electrodes placed on the
inner surface of physical substrate 102 may be used to gen-
erate the desired phase profile within a uniform layer of liquid
crystal. The liquid crystal may be of the nematic type and may
include, by way of example only, the commercial nematic
liquid crystal mixtures E7 or BLO37/, both of which are avail-
able from Merck. The electrodes may be fabricated using
means well known 1n liquud crystal display and semiconduc-
tor manufacturing, including, by way of example only, pho-
tolithography, thin-film deposition, wet etching, and dry etch-
ing. By way of example only, patterned electrodes used to
generate the phase profile of the multi-level diffractive optic
of FIG. 2d are shown 1n FIG. 2e, where the electrodes 109 are
fabricated from a transparent conductor such as, for example,
Indium Tin Oxide (ITO). Other electrode materials may
include, by way of example only, the morganic conductors
Tin Oxide or Zinc Oxide; or the organic conductors polyan-
1lline and carbon nano-tubes. Electrodes may be patterned as
concentric circles with radii r (ref FIG. 2¢) determined from
the multi-level difiractive optic of FIG. 2d. In an embodiment
of the invention, the thickness of the electrode layer may
range from about 5 nm to about 1 um. A gap 204 remains
between the concentric patterned electrodes as shown 1n FIG.
2¢. In an embodiment of the invention, a gap 1in the range from
about 0.1 um to about 20 um 1s preferred. The size of the gap
1s chosen such that 1t 1s equal to or less than the thickness of
the liquid crystal layer to ensure that there 1s a smooth tran-
sition of the refractive index between neighboring phase lev-
¢ls defined by neighboring electrodes.

As 1llustrated 1n FIGS. 2¢, 2d, and 2e, the surface relief
structure or the patterned electrodes, respectively, come to an
abrupt end at the peripheral edge 205 of the electro-active
clement 108. Referring again to FIG. 14, in an embodiment of
the present invention, the dynamic, diffractive, electro-active
optical element 108 1s 1ncorporated within a static (fixed),
refractive ophthalmic lens 101. Techniques for embedding an
clectro-active optical element 108 within a static, refractive
ophthalmic lens 101 are described in U.S. Pat. No. 7,077,319,
which 1s incorporated herein by reference. FIGS. 15 through
1d 1llustrate the effect of the abrupt end of the optical power
contributed by the electro-active element 108 within the lens
101, on the combined optical power of the hybrid lens 100.
Optical power as a function of electro-active lens 100 position
1s 1llustrated 1in FIGS. 15-1d. The horizontal axis of FIGS.
15-1d represents position along the diameter of the lens 100.
The vertical axis of FIGS. 1b-1d represents the relative opti-
cal power of the lens 100 . FI1G. 15 illustrates optical power as
a Tunction of electro-active lens 100 position when the elec-
tro-active element 108 1s off. Regardless of whether the sur-
tace relief approach or the patterned electrode approach 1is
used, when the electro-active element 108 1s off, the refractive
indices of all components within electro-active lens 100 may
be closely matched. As shown 1n FIG. 15, the optical power
104 as a function of the electro-active lens position remains
constant across the diameter of the lens 100.

As 1llustrated 1n FIG. 1¢, when the electro-active element
108 1s on, an abrupt jump 110 1n the optical power 105 may be
seen at the edges of the electro-active element 108. It 1s this
abrupt change in the optical power that the blend region
disclosed 1n the present invention 1s designed to substantially
climinate. The goal of the present invention 1s to generate an
clectro-active ophthalmic lens 100 whose optical power as a
function of lens position 1s shown, by way of example only, 1n
FIGS. 1d. FIG. 14 shows an embodiment of the invention;
wherein a blend region 1s incorporated between the electro-
active element 108 and the refractive lens 101. The blend
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region 111 shown 1n FIG. 14, smoothes the transition from the
higher electro-active element 108 optical power to the lower
refractive lens 101 optical power, as illustrated by the optical
power profile 106 along the diameter of the electro-active lens
100.

To design a blended electro-active diffractive lens, the
phase profile of an ordinary refractive lens exhibiting the
desirable blend region 1n 1ts thickness profile may first be
determined. This process 1s similar to that described above
with reference to FIGS. 2a-2e¢. However, in the following
example, a full diameter of a lens through 1ts thickness is
considered. As an example, FIGS. 3¢ and 36 illustrate the
path through which light may travel through an electro-active
lens, for example, the electro-active lens 101 of FIG. 1a (not
shown in FIGS. 3a or 36). In an illustrative embodiment of the
invention, the electro-active element 108 of FIG. 1a may be
embedded 1n arefractive lens 101 of zero or substantially zero
optical power, such as those used for people who require
correction for presbyopia but not distance vision. While zero
optical power may be chosen for simplicity of the present
example, the optical power of the refractive lens used to
correct for distance vision errors 1s not required to design the
blend region. As the total optical power of two lenses in
contactis stmply the sum of their optical powers, blending the
optical power of the electro-active difiractive lens to zero with
the diffractive blend region described herein results 1n blend-
ing the combined optical power of the electro-active element
and refractive element to the power of the refractive element
alone. In an illustrative embodiment of the invention, parallel
rays of light 307 passing through the electro-active lens 1n the
peripheral region are 1illustrative of a lens with zero optical
power and as such, do not focus the incident light rays (they
remain parallel). In an embodiment of the mnvention, electro-
active lens 100 may be a spectacle lens, possessing a phase
profile as 1llustrated 1n FI1G. 3a or 35, wherein, the focal point
306 1s focused on the retina of a wearer’s eye. To better
illustrate the differences between blended and non-blended
lenses, the human eye 1s not shown i FIG. 3a or 35, but
spectacles lenses according to embodiments of the present
invention would normally be placed between 10 mm and 20
mm 1n front of the outer corneal surface and said lenses would
work 1n conjunction with the optics of the human eye to form
a sharp image on the retina.

FIG. 3a shows the phase profile 301 of an electro-active
lens without a blend region. The abrupt edge 304 of the phase
profile 301 1n FIG. 3qa 15 evident where the active area of the
clectro-active element physically ends within the electro-
active hybrid lens. The angle at which light 1s bent as 1t travels
through the electro-active lens may change abruptly between
the refractive lens region and the electro-active element
region of the lens 1n the absence of a blend region.

Referring now to FIG. 3b, the phase profile 302 of an
embodiment of an electro-active lens with a blend region 305
1s shown. As 1s illustrated in FIG. 35, the blend region 305
may provide a smooth continuous change in the angle at
which light 1s bent. This provides a substantially continuous
transition 1n optical power from one region to another. The
blend region 305 acts to reduce the effects of an abrupt 1image
jump, which occurs when an 1mage 1s viewed through an
clectro-active lens at the edge of an electro-active element.
The details of the blend region design process are discussed
below.

To 1llustrate a primary objective of the present invention,
simulated 1mages of a square grid as viewed through a region
of an electro-active lens without and with blend regions are
shown 1n FIGS. 4a and 4b, respectively. These 1images are
shown below their corresponding optical ray-trace diagrams
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in FIGS. 3a and 3b. The reduction 1in 1mage jump, which
occurs when there 1s a mismatch in refractive index, 1s readily

apparent and 1dentified by blend region 305.

Once the overall phase profile has been designed, incorpo-
rating phase profile of the electro-active difiractive lens ele-
ment the blend region phase profile (as detailed below), said
profile may be divided into full-wave Fresnel zones and then
the appropriate difiractive surface or electrode structure may
be generated by phase wrapping as described in reference to
FIGS. 2a-2e. Phase wrapping of the combined diffractive lens
and blending phase profile differs 1n no fundamental physical
way from the phase wrapping of the lens phase profile, as
described 1n reference to FIGS. 2a-2e. IT a surface relief
approach 1s used, the lens imncluding the blend region phase
profile may be transferred to the surface of a physical sub-
strate using any of the previously mentioned techniques. If a
patterned electrode approach 1s used, the lens, including the
blend region phase profile, may be used to design electrodes
that may then be used to apply discrete voltages to a uniform
layer of liquid crystal. Determining values for the discrete
voltages 1s achieved by characterizing the phase change
incurred by a layer of liquid crystal as a function of applied
voltage using an optical technique such as interferometry or
cllipsometry. These applied voltages spatially alter the retrac-
tive index of the layer of liquid crystal and thus create the
phase profile of the lens and the blend region. As the patterned
clectrode approach utilizes the same phase level values for the
lens and the blend region, the voltages applied to the elec-
trodes that define the lens and the electrodes that define the
blend region are 1dentical.

Furthermore, 1n an embodiment of the present invention,
when either the surface relief approach or the patterned elec-
trode approach 1s used, the electro-active lens 1s intended to
be fail-safe. That 1s, when the voltages applied to the elec-
trodes approach zero, preferably, there would be no contribu-
tion of optical power from either the electro-active lens or
from the electro-active blend region.

It should also be noted that the optical power blending
region according to the present mvention differs from the
blending of optical power as demonstrated by a conventional
progressive addition ophthalmic lens. Progressive addition
lenses (PALs) are well known 1n the art and provide for

smooth blending of optical power by changes 1n curvature of

an external refractive surface that are fixed in time. Con-
versely, embodiments of the present imvention provide for
smooth blending of optical power by spatial changes 1n the
grating period of a diffractive lens. Furthermore, said means
for blending optical power according to embodiments of the
present invention are imternal to the lens and due to the elec-
tro-active functionality, are dynamic.

In the general case, a target lens may have a required and
specified optical power of 1/ diopters at a design wavelength
and a focal length of A_ and f_, respectively, where the focal
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micrometers. Reference 1s now made to FIG. 5, beginning
with a phase maximum at the lens center 500, the refractive
equivalent to the target lens has a parabolic phase profile 501
with constant optical power out to the edge of the electro-

active area at r=R  (all lens dimensions expressed in units of 60

millimeters) and with phase profile u(r)=r>/2x_f . To design
the blend region, an annular region extending outward from
radius R to R, 1s introduced, where 1t 1s desired to have the
values of both the phase profile and 1ts second derivative
(slope) taper smoothly to zero (the substrate reference) over
the distance from =R tor=R, . Let the parameter A represent
half the width of the annular blend region.
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(1)

A modified, non-blended, parabolic phase profile 502 for a
lens with the same focusing strength as the target lens 1s then
defined, but with a slightly larger outer radius R .

A (2)

R.=R,+ —
2

At =R _, the modified parabolic phase profile intersects the
substrate reference level with an abrupt discontinuity 303 1n

its slope. The modified phase profile function u(r) in terms of
the design wavelength and design focal length 1s defined as
tollows where u 1s expressed 1n units of normalized phase or
waves (1.€., phase 1n radians divided by 2m).

r (3)
245 Jo

M(F) = Umax —

Substituting u(r)=0 at =R _ into equation 3 yields a new phase
maxima at the center of the phase profile 504

~ R: (4)
MPHGI - zflﬂfﬂ
and
Rf — (Sa)
=T
where the phase profile u(r) has slope
d u B ¥ (5b)
dr = A.f,

Inverting equation 5a gives a convenient relation (equation
6) for evaluating the radius of successive full wave Fresnel
zone or sub-zone boundaries of the equivalent diffractive lens
as the value of u(r) diminishes in equal steps of 2.

P20 u(#)~R =20 E, [t(P) ] (6)

In an embodiment of the present invention, the number of
successive Tull wave Fresnel zones which make up the blend
region may range from about 1 zone to about 100 zones. The
number of successive full wave Fresnel zones 1n the blend
region 1s the phase value of the blend region at r=R  divided
by 2.

General Formula for a 3rd Order Blending Polynomaial

In this embodiment of the invention, the lens phase profile
and 1ts derivative (slope) defined by equations 5a and 3b are
used to define a mathematical expression for the phase profile
of the blend region. To define said blend region three condi-
tions must be met. First, the outer edge of the electro-active
lens must lie at the center of the desired blend region, =R _+
A/2 (refer to FIG. 5). Second, the phase profile of the blend
region must start at =R _, and must match the lens phase
profile 1n both value and slope. And third, at the outer edge of
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the blend region where =R, the value of the blending phase
profile must reach zero with zero slope. The simplest function
that satisfies these three requirements in general 1s a third-
order polynomaial 1n r, which 1n this case takes the form

P+ RIR +A - ) (7a)
us(r) = LA
which itself has slope
d s B (R, +A—r)(A-R,—3r) (7b)
dr 3, f,A

Thus, equation 5a defines the values of the phase profile of
the region of constant optical power and equation 7a defines
the values of the phase profile of a blend region that satisfies
all of the above criteria. Although 1t 1s possible 1n principle to
invert equation 7a to find (up to three) values of r for a given
value of u, the general solution 1s less practical to use than
numerical methods such as, by way of example only, a root
finder, or a straight-forward monotonic search through suc-
cessive values ol r. The blend region may be created as a relief
structure or with a patterned electrode methodology 1dentical
to that used 1n creating the non-blended electro-active lens.

General Formula for a 5th Order Blending Polynomaial

In another embodiment of the mvention, the lens phase
profile and its dervative (slope) defined by equations 5a and
Sb are again used to define a mathematical expression for the
phase profile of the blend region, but under more stringent
requirements. In addition to the three requirements of the
previous embodiment, further constraints are made on the
second dervative of the blending phase profile. Specifically,
the second derivative of the blending phase profile must
match the second derivative of the lens phase profile at r=R
and have a zero value at r=R,. The simplest function that
satisfies all the aforementioned requirements 1n general 1s a
fifth-order polynomial in r, which 1n this case takes the form:

B (Re+A—rP[(r—A—-R)R,+4A +r) N (3a)
Hs(r)_ Sf-lofﬂﬁz 4& + 5+
Here, R, takes on the value:
R
R = p+ R, (8b)
2
and A 1s defined 1n the usual manner.
- Ry — R, (3¢)
- 2

Thus, equation 5a defines the values of the phase profile of
the diflractive lens of constant optical power and equation 8a
defines the values of the phase profile of a blend region that
satisiies all of the above criteria. The blend region may be
created as a relief structure or with a patterned electrode
methodology 1dentical to that used in creating the non-
blended electro-active lens.
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Employing the 57 order blending polynomial formula has
advantages over the 3’ order blending polynomial formula.
As optical power 1s the second derivative of the phase profile,
the fact that the 57 order polynomial provides for the values of
the second derivatives of the phase and blend profiles be equal
at =R _ means that there 1s no abrupt change 1n optical power
at =R _. The 3’ order blending profile does not impose the
restriction on the second dertvative and as such there may be
a slight, but abrupt, change 1n optical power at r= .

The mathematical models detailed above may be applied to
both unpatterned and patterned electrodes. When incorporat-
ing the embodiments of the present invention 1n an electro-
active lens utilizing patterned electrodes, it 1s preferred that
u___be an even, integer number of waves. If this condition 1s
satisfied then electrode signal shunting (as disclosed in U.S.
Pat. No. 7,019,890 Meredith et. al.) may be used to generate
multiple focal lengths for fixed electrode geometries. If for a
given lens design this condition 1s not satisfied, a small adjust-
ment to the focal length of the lens may be necessary. By way
of example only, consider a lens with the following design
criteria:

Ah,=0.555 um
f_=0.5m (+2.0 diopters)

R_=7.5 mm

R,=9.5 mm

In this case, u,__=130.180 waves. Adjusting u___ upward
to 132 implies a focal length shift to £ =0.4931 m (2.028
diopters) while adjusting u, . downward to 130 changes the
tocal length to £ =0.5007 m (1.997 diopters). Examples of a
lens phase profile and third and fifth order phase blending
profiles are shown in FI1G. 6 for the case where umax i1s chosen
to be 132 waves (I =0.4931 m). FIG. 6 illustrates the blend
region of interest 503 as i1dentified 1n FIG. 5. The horizontal
ax1is of F1G. 6 indicates the radius r, the position along the lens
from the lens center, with a range 1n region of interest of the
current example. The vertical axis of the lens phase profile
indicated retardation, measured in normalized phase or waves

(phase 1n radians divided by 2m).

While polynomial blending functions have been used here,
any mathematical relation, either alone or in combination,
may be used to design the blend region. Such relations may
include trigonometric functions, exponential functions,
hyperbolic functions, or logarithmic functions, by way of
example only.

In other embodiments of the invention, the electro-active
lens may incorporate a fixed optical power and an astigmatic
optical power, to correct a wearer’s astigmatism. Astigmatic
power correction may pretferably be incorporated within the
static refractive lens and not within the electroactive element.

EXAMPL

L1

It 1s to be understood that the following example of the
present mnvention 1s not intended to restrict the present inven-
tion since many more modifications may be made within the
scope of the claims without departing from the spirit thereof

A prophetic example of an embodiment of the present
invention 1s illustrated in FIGS. 7a-7d. Consider a lens with a
desired focal lengthf 01 0.5 m (+2.0 diopters) at a wavelength
A 010.555 um. Said lens has a required diameter of constant
add power of 15 mm (R_=7.5 mm) and a 2 mm optical power
blending region (A=2.0 mm, R,=9.5 mm). As with the previ-
ous example, 1t 1s desired, for the illustrative example herein,
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to obtain an even, integer number of tull wave Fresnel zones,
so the focal length 1s adjusted to 0.4931 m (+2.028 diopters).
(iven these parameters, a third order blending polynomial 1s
chosen and equation 7a 1s used to generate phase profile
values from r=R _ to =R, and equation 5a 1s used to generate
lens phase profile values from r=0 to r=R , where the values
of R, 1s 8.5 mm (R =R_+A/2). FIG. 7a shows the thickness
profile 700 of a refractive blend region designed according to
equation 7a and using the aforementioned design parameters.
The thickness of material shown 1n FIG. 7a corresponds to 3
waves of optical retardation and thus, the last three full wave
Fresnel zones of the blend region. To determine the materials
from which the blended lens 1s fabricated the refractive indi-
ces of the liquid crystal must first be known. The commercial
nematic liquid crystal mixture E'7 (available from Merck) 1s a
suitable choice as it has a large refractive index modulation
(birefringence) of approximately 0.23, where the refractive
index values can be continuously tuned from approximately
1.52 to approximately 1.73. The refractive index of the mate-
rial from which the blended lens 1s fabricated must substan-
tially match one of the refractive indices of the liquid crystal
and the UV curable resin AC L.2002-C1 (available from Addi-
son Clear Wave), with a refractive index of approximately
1.52, 1s suitable. As shown in FIG. 7b, the corresponding
phase profile 1s phase wrapped and the thickness profile cor-
responding to the wrapped phase 1s then patterned into the
surface of a substrate 102, where for the materials described
above, the thickness d 1s such that there 1s a 2m(or 1 wave)
phase retardation between the highest 701 and lowest 702
points of the thickness profile. The thickness d may be calcu-
lated from the formula ¢=[2n(n, —n;,.... /A _, which for the
case of ¢=2m at a design wavelength (A ) of 0.555 um, 1s
found to be approximately 2.4 um. The radn1 of the full wave
Fresnel zones (phase wrap points) as well was the grating
periods are indicated 1n FIG. 75 for reference. As can be seen
in FI1G. 7b, the grating period (A) now 1ncreases as a function
of radius, gradually decreasing the angle at which light i1s
diffracted thereby enabling a continuous change in optical
power. The patterned surface 1s then coated with a transparent
clectrode 109, such as I'TO, so that when 1t 1s placed 1n contact
with the liquid crystalline matenal, switching of the optical
power may be enabled. FIG. 7¢ 1llustrates an example of the
multilevel analog of the electro-active blend region of FIG.
7b, where the height of each successive level 1s V4 that of the
total height of the continuous structure shown 1n FI1G. 75b.
Fabrication of embodiment of the structures depicted in
FIGS. 7a and 7¢ may be accomplished by either single point
diamond turning the structure into the cured resin, or by
single point diamond turning a mold and curing the resin
within the mold, or by other methods known to those skilled
in the art FIG. 7d illustrates enabling an embodiment of a
blend region using the patterned electrode approach, where
cach electrode 109 acts to define a discrete phase level, akin to
that of FIG. 7¢, within a neighboring layer of electro-active
material. Like the patterned substrate approach, the refractive
index values of the liquid crystal and the substrate material
must be substantially matched. For the case of the hiquid
crystal E/, the optical glass AF-45, available from Schott, has
a refractive index of approximately 1.52 and 1s a good choice.
To this substrate, layers of the transparent conductor Indium
Tin Oxade are applied and patterned using standard photoli-
thography techniques. The dimensions (radi1 and widths) of
the individual electrodes are nearly identical to the dimen-
sions of the phase levels of the multi-level surface relietf
approach; the difference lies 1n the fact that an inter-electrode
gap must be provided for in the multi-electrode approach.
Once the blended power electro-active element has been fab-
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ricated, 1t must be embedded within a static, refractive lens of
substantially equal refractive index. While no commercial
material for ophthalmic lenses with a refractive index of 1.52
exists, a custom resin could be formulated or the commer-
cially available material Trivex (from Pittsburgh Plate Glass,
PPG), with a refractive index of 1.53, would be the closest
match.

Although the particular embodiments shown and described
above will prove to be useful 1n many applications 1n the
ophthalmic art to which the present invention pertains, further
modifications of the present invention will occur to persons
skilled 1n the art. All such modifications are deemed to be
within the scope and spirit of the present invention as defined
by the appended claims.

What 1s claimed 1s:

1. An electro-active lens, comprising at least one electro-
active blend region, wherein when electrical power 1s applied
thereto, said blend region provides a substantially continuous
transition of optical power from a first region of optical power
to a second region of optical power of said lens, wherein a
surface relietf diffractive structure produces said blend region.

2. The lens of claim 1, wherein a patterned electrode struc-
ture produces said blend region.

3. The lens of claim 1, wherein phase-wrapped, full-wave
Fresnel zones produce said blend region.

4. The lens of claim 1, wherein said transition of optical
power 1s described by a polynomial of second order or higher.

5. The lens of claim 1, wherein said transition of optical
power 1s described by any continuous mathematical function.

6. The lens of claim 1, wherein said transition of optical
power 1s described by a combination of at least two continu-
ous mathematical functions.

7. The lens of claim 1, wherein the optical power of said
blend region 1s modulated by application of a voltage.

8. An electro-active lens, comprising:

a. a refractive lens of fixed optical power; and

b. an electro-active element having dynamic optical power
and a peripheral edge 1n optical communication with
said refractive lens, wherein the optical power of said
clectro-active lens 1s the sum of the optical powers of
sald electro-active element and said refractive lens, and
when said electro-active element 1s activated, said elec-
tro-active element provides for a region of substantially
continuous transition 1n optical power from the sum of
optical powers of said electro-active element and said
refractive lens to the optical power of said refractive
lens, and wherein said transition region 1s located near
the peripheral edge of said electro-active element,
wherein diffraction of optical waves produces the tran-
sition of optical power.

9. The lens of claim 8, wherein the optical power of the
clectro-active element 1s mostly constant over a portion of 1ts
area.

10. The lens of claim 8, wherein the optical power of the
clectro-active element can be modulated by the application of
at least two voltages.

11. The lens of claim 8, wherein the transition of optical
power of the electro-active element gradually reduces to a
substantially zero value.

12. The lens of claim 8, wherein phase wrapped, full-wave
Fresnel zones produce the transition of optical power.

13. The lens of claim 8, wherein a patterned electrode
structure produces the transition of optical power.

14. The lens of claim 8, wherein the transition of optical
power 1s described by any continuous mathematical function.




US 7,775,660 B2
15 16

15. An electro-active lens, comprising: a second region of optical power of said lens, wherein a
surface relief diffractive structure produces said blend region.

17. The lens of claim 16, wherein a patterned electrode
structure produces said blend region.
18. The lens of claim 16, wherein the optical power of said
blend region 1s modulated by application of a voltage.
19. An electro-active lens, comprising;
a. at least one region of fixed optical power; and
b. at least one region of dynamic optical power having a
blend region, wherein when electrical power 1s applied
to said blend region, said blend region has diffractive
power and provides a continuous transition of optical
power from said dynamic power region to said fixed
power region, wherein a surtface relief diffractive struc-
ture produces said blend region.
20. The lens of claim 19, wherein a patterned electrode

structure produces said blend region.

16. An electro-active lens, comprising at least one electro- 21. The lens of claim 19, wherein phase-wrapped, full-
active blend region, wherein when electrical power 1s applied wave Fresnel zones produce jsaid blend region. |

thereto, said blend region provides at least one stepped tran-
sition of optical power trom a first region of optical power to kK k%

a. a refractive lens of fixed optical power, and

b. an electro-active element having dynamic optical power
and a peripheral edge 1n optical communication with
said refractive lens, wherein the optical power of said
clectro-active lens 1s the sum of the optical powers of
said electro-active element and said refractive lens, and
when said electro-active element 1s activated, said elec-
tro-active element provides for a region of substantially 1
continuous transition 1n optical power from the sum of
optical powers of said electro-active element and said
refractive lens to the optical power of said refractive
lens, and wherein said transition region 1s located near
the peripheral edge of said electro-active element,
wherein a surface relief diffractive structure produces
the transition of optical power.
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